We report critical current density (Jc) in tetragonal FeS single crystals, similar to iron based superconductors with much higher superconducting critical temperatures (Tc's). The Jc is enhanced 3 times by 6% Se doping. We observe scaling of the normalized vortex pinning force as a function of reduced field at all temperatures. Vortex pinning in FeS and FeS0.94Se0.06 shows contribution of core-normal surface-like pinning. Reduced temperature dependence of Jc indicates that dominant interaction of vortex cores and pinning centers is via scattering of charge carriers with reduced mean free path (δl), in contrast to KxFe2−ySe2 where spatial variations in Tc (δTc) prevails.
I. INTRODUCTION
Fe-based superconductors have been attracting considerable attention since their discovery in 2008.
1
Due to rich structural variety and signatures of high-temperature superconductivity similar or above iron arsenides, iron chalcogenide materials with FeCh (Ch=S,Se,Te) building blocks are of particular interest. [2] [3] [4] [5] Recently, superconductivity below 5 K is found in tetragonal FeS synthesized by the hydrothermal reaction. 6 The superconducting state is multiband with nodal gap and large upper critical field anisotropy. [8] [9] [10] [11] Local probe µSR measurements indicate two s-wave gaps but also a disordered impurity magnetism with small moment that microscopically coexists with bulk superconductivity below superconducting transition temperature.
12 This is similar to FeSe at high pressures albeit with weaker coupling and larger coherence length.
13,14
Binary iron chalcogenides show potential for high field applications. [15] [16] [17] [18] Since FeCh tetrahedra could be incorporated in different superconducting materials, it is of interest to study critical currents and vortex pinning mechanism in tetragonal FeS. [19] [20] [21] Moreover, vortex pinning and dynamics is strongly related to coherence length and superconducting pairing mechanism.
Here we report critical current density and the vortex pinning mechanism in FeS and and FeS 0.94 Se 0.06 . In contrast to the point defect pinning in Ba 0.6 K 0.4 Fe 2 As 2 and K x Fe 2−y Se 2 , 22-24 the scattering of charge carriers with reduced mean free path l (δl pinning) is important in vortex interaction with pinning centers.
II. EXPERIMENTAL DETAILS
FeS and FeS 0.94 Se 0.06 single crystals were synthesized by de-intercalation of potassium from K x Fe 2−y (Se,S) 2 single crystals, using the hydrothermal reaction method.
6,23 First, 8 mmol Fe powder, 5 mmol Na 2 S·9H 2 O, 5 mmol NaOH, and 10 ml deionized water were mixed together and put into 25 ml Teflonlined steel autoclave. After that, ∼0.2g K x Fe 2−y S 2 and K x Fe 2−y S 1.6 Se 0.4 single crystals were added. The autoclave is tightly sealed and annealed at 120
• C for three days. Silver colored FeS single crystals were obtained by washing the powder by de-ionized water and alcohol. Finally, FeS single crystals were obtained by drying in the vacuum overnight. X-ray diffraction (XRD) data were taken with Cu K α (λ = 0.15418 nm) radiation of Rigaku Miniflex powder diffractometer. The element analysis was performed using an energy-dispersive x-ray spectroscopy (EDX) in a JEOL LSM-6500 scanning electron microscope. High-resolution TEM imaging and electron diffraction were performed using the double aberration-corrected JEOL-ARM200CF microscope with a cold-field emission gun and operated at 200 kV. Mössbauer spectrum was performed in a transmission geometry with 57 Co(Rh) source at the room temperature. Single crystals are aligned on the sample holder plane with some overlap but without stack overflow. The spectrum has been examined by WinNormos software. 25 Calibration of the spectrum was performed by laser and isomer shifts were given with respect to α-Fe. Magnetization measurements on rectangular bar samples were performed in a Quantum Design Magnetic Property Measurement System (MPMS-XL5). 26 -28 Since FeS 4 tetrahedra are nearly ideal, one would expect axial symmetry of the electric field gradient (EFG) and small values of the largest component of its diagonalized tensor V zz . The linewidth is somewhat enhanced and is likely the consequence of small quadrupole splitting. If the Lorentz singlet would be split into two lines, their centroids would have been 0.06 mm/s apart, which is the measure of quadrupole splitting (∆). The measured isomer shift is consistent with Fe 2+ , in agreement with X-ray absorbtion and photoemission spectroscopy studies. 29 There is very mild discrepancy of Mössbauer 9 No fishtail effect is observed in both samples. The critical current density J c can be calculated from MHL using the Bean model. 30 When the field is applied along c axis, the in-plane critical current density J c (µ 0 H) is given by 30, 31 
III. RESULTS AND DISCUSSIONS
where ∆M (µ 0 H) is the width of magnetization loop at specific applied field value and is measured in emu/cm 3 . The a and b are the width and length of the sample (a≤b) and measured in cm. The J c used in the formula is the unrelaxed critical current density. Practically measured critical current density, however, is the J s (relaxed value). Because magnetization relaxation is not very strong in iron-based superconductors, the J s ≈J c .
32
The paramagnetic (linear) M (µ 0 H) background has no effect on the calculation of ∆M(µ 0 H) and consequently crucial currents due to its subtraction. The inclusion of ferromagnetic impurities 12 is unlikely due to highly symmetric M(H) loops (Fig. 3) . Therefore we attribute somewhat reduced volume fraction in pure tetragonal FeS to the presence of the unreacted paramagnetic hydrothermal solvent on the surface of our crystal, similar to what has been observed before. Pinning force (F p = µ 0 HJ c ) can provide useful insight into vortex dynamics. There is a peak in the pinning force density as a function of the reduced magnetic field for all hard high-field superconductors. 36 According to DewHughes model, 37 , normalized vortex pinning force
should be proportional to h p (1 − h) q , where h = H/H irr is normalized field, and H irr is irreversibility field obtained by an extrapolation of J c (T, µ 0 H) to zero. Parameters p and q are determined by the pinning mechanism. As shown in Figs. 4(a) and 4(b) , the curves of f (h) at different temperatures overlap well with each other, indicating that the same pinning mechanism dominate at the temperature range we study. pinning. Core normal surface-like pinning describes the pinning center from the microstructure and geometry aspect. The free energy of the flux lines in the pinning centers is different from that in the superconducting matrix and the pinning center is normal whereas the geometry of the pinning centers is two dimensional. Weak and widely spaced pins induce a small peak in f (h) at high h, while strong closely spaced pins produce a large peak at low h.
36 Similar h indicates the strength and spacing of the pins is similar between two samples. 37 Since the tetragonal FeS and FeS 0.94 Se 0.06 were synthetized by de-intercalation of potassium using hydrothermal method and are cleaved along the c axis much easier than other iron superconductors, it is likely that weakly connected surfaces are important in the flux pinning as opposed to K x Fe 2−y Se 2 , FeSe 0.5 Te 0.5 thin flim, and Ba 0.6 K 0.4 Fe 2 As 2 where point-like pinning prevails.
22,24,38
In addition, as shown in the inset of Fig. 4(c) , the reduced temperature dependence of µ 0 H irr can be fitted with
β , where t = T /T c , which gives β = 1.07 for FeS and β = 1.12 for FeS 0.94 Se 0.06 . There are two primary mechanisms of core pinning from spatial variation of the GinzburgLandau (GL) coefficient α in type II superconductors, corresponding to the spatial variation in transition T c (δT c pinning), or to charge carrier mean free path l near lattice defects (δl pinning). In the case of δT c pinning,
for δl pinning, where t = T /T c .
39
As shown in Fig. 4(d [41] [42] [43] [44] [45] δT c could play a major role in pinning, in contrast to tetragonal iron sulfide even though FeS and FeSe 0.06 single crystals are obtained from K x Fe 2−y (Se,S) 2 by de-intercalation. Moreover, because FeS is a typical type II superconductors, the multigap might have an effect on the fitting result. Nevertheless, the Dew-Hughes model still reveals that the ∆l pinning by Dew-Hughes model still gives an insight in the pinning mechanism.
IV. CONCLUSIONS
In summary, we report the increase in the critical current density in tetragonal FeS single crystals by Se doping. The core normal surface-like pinning is present in the vortex dynamics. The pinning is dominated by the variation of charge carrier mean free path l near lattice defects (δl pinning). The critical current density is comparable to iron based superconductors with much higher superconducting transition temperature. This suggests that FeS-based superconducting structures with higher T c 's could exhibit high performance, potentially attractive for low temperature high magnetic field applications.
